The non-isothermal decomposition process of theobromine under nitrogen atmosphere was studied using the differential thermal analysis (DTA), from room temperature up to 500 °C, at heating rates, 5, 15 and 20 °C/min. The results showed that theobromine decomposes in two steps. The kinetic analysis of the first decomposition step was performed using Kissinger, Friedman, Flynn-Wall-Ozawa, and Kissinger-Akahira-Sunose isoconventional methods. The kinetic model was determined using Šatava-Šesták method. Results showed that the nonisothermal decomposition mechanism of theobromine corresponds to nucleation and growth, following the Avrami-Erofeev equation. The forms of the integral and differential equations for the mechanism function are g(α)=(-ln(1-α)) 2/3 and f(α)=(3/2)(1-α) (-ln(1-α)) 1/3 , respectively. Thermodynamic parameters of the non-isothermal decomposition process, change of enthalpy (ΔH), change of entropy (ΔS), and change of Gibbs free energy (ΔG) values were calculated.
Introduction
Methylxanthines have important pharmacological properties and are commonly used as therapeutic agents. Stimulatory effects on the central nervous system as well as on the gastrointestinal, cardio-vascular, renal and respiratory systems have been ascribed to these compounds [1] . Theobromine (TB), 3,7-dimethylxanthine, is an alkaloid of the cacao plant and TB is a caffeine derivative and metabolite, Figure 1 . TB is the second most important methylxanthine in the diet and TB has the same caffeine effects. Both TB and caffeine improve alertness without inducing irregular heartbeat or hypertension [2] . TB also has diuretic and bronchial muscle relaxing effects [1] . The thermal decomposition of TB have been studied [3, 4] , using TG/DTG, DTA and DSC methods. To our knowledge, the thermodynamic and kinetic data of the thermal decomposition of TB have not been reported. In this paper, the kinetic parameters such as activation energy, E, and apparent preexponential factor, A, of the thermal decomposition of TB were calculated using Kissinger, Friedman, Flynn-Wall-Ozawa, Kissinger-Akahira-Sunose and Šatava-Šesták methods. Šatava-Šesták method was used to establish the kinetic model of the thermal decomposition of TB.
The thermodynamic data, such as enthalpy change (ΔH), entropy change (ΔS) and Gibbs free energy change (ΔG) for the non-isothermal decomposition process were calculated. These data can play an important role to understand the physicochemical interactions and thermodynamic properties for TB at high temperatures.
Experimental

Materials
TB was supplied by Sigma (St. Louis, MO). It is used without any further purification.
Physical measurements
The thermogravimetric measurements were carried out at three different heating rates (5, 15 and 20 °C/min), from room temperature up to 500 °C under dynamic nitrogen atmosphere , n  1  2  , 3, 2, 4 ,  1  3  ,  1  4  17-22  1  2  3  α 1 α   2 3   3 α n , (n = 1, (20 mL/min), using about 2 mg of powdered samples contained in an alumina crucible.
Theoretical analysis
The kinetic analysis of solid state thermal decomposition is usually described by the following Equation (1) [5] .
where , dα/dt is the rate of conversion, α is the conversion of the reaction which is defined as α = (m0-mt)/(m0-mf), where m0 and mf are the initial and final masses of the sample at each stage of decomposition, respectively, and mt is the mass of the sample at time t (or temperature T), f(α) is a mathematical model function of kinetics which depends on the reaction type and reaction mechanism, k(T) is the specific rate constant, whose temperature dependence is commonly described by the Arrhenius Equation (2).
by combining Equation (1) and (2), taking into consideration the heating rate β = dT/dt (°C/min), under non-isothermal condition, the kinetic analysis of solid state thermal decomposition is described by Equation (3).
Most of the methods that describe the kinetics of reactions in solids use Equation (3) as well as several approximation of its integral form.
where
is the integral form of the model function that does not depend on the heating rate used.
Kissinger (K) method
Kissinger method [6] [7] [8] [9] is expressed by Equation (6) ln ln ( 6 ) where i= 1, 2, 3 …….., by plotting ln versus , EK and AK can be calculated from slope (-EK/R) and intercept ln(AKR/EK), respectively.
Friedman (FR) method
FR method [10] , a linear differential method based on Equation (7). ln ≡ ln β ln A α (7)
Flynn-Wall-Ozawa (FWO) method
FWO method [6, 7, 11, 12] , a linear integral method based on Equation (8). lnβ ln 5.331 1.052 (8)
Kissinger-Akahira-Sunose (KAS) method
KAS method [9, 13] , a linear integral method based on Equation (9) . ln ln (
For α = constant, the plot of ln(dα/dt) vs 1/T, or lnβ vs 1/T, or ln(β/T 2 ) vs 1/T from the experimental thermogravimetric curves recorded for several constant heating rates, should be a straight line, the activation energy, E, being evaluated from these slopes, by means of FR, FWO, and KAS methods, respectively.
Šatava-Šesták method
The expression from Šatava-Šesták method [14] is given by Equation (10). lng α ln 5.330 1.0516 (10) where g(α) comes from one of 30 forms of integral formula in the literature [15, 16] .These forms of integral formula are given in Table 1 . For every fixed βi (i =1, 2, 3, 4, …), and each mechanism functions g(α), the values of activation energy (Es) and pre-exponential factor (As), can be obtained using Equation (10), respectively. The model of the reaction can be identified as long as 0 < Es < 400 kJ/mol. It is necessary that Es values compared with the values of E0 where E0 is the average activation energy calculated by FR, KAS, and FWO methods. If Es meets with the condition of│(E0 -Es)/ E0│≤ 0.1 , the Es is acceptable. lnAs calculated need to be compared with lnAk calculated by Kissinger method, if lnAs meets with the condition │(lnAs-lnAk)/lnAs│≤ 0.46, the lnAs is acceptable. If g(α) meets the above mentioned requirements, then it will be an integral form of the most probable mechanism function of reaction.
Thermodynamic parameters
After E and A values are obtained using non-isothermal method, the thermodynamic parameters can be calculated [17, 18] using equations ∆S Rln (11) 
The change of enthalpy (ΔH), change of entropy (ΔS), and change of Gibbs free energy (ΔG), in the thermal decomposition process decomposition are calculated.
In all of the above equations, α represents the fractional conversion, β is the heating rate (°C/min), T is the temperature (K), Tp is the temperature at the maximum rate of the weight loss (differential thermogravimetry (DTG)) peak temperature, E is the apparent activation energy (kJ/mol), A is the preexponential factor (1/min), R is the gas constant (8.314 J/mol·K) and g(α) is the integral conversion function.
Results and discussion
Thermal decomposition of TB
TG/DTG and DTA curves of the thermal decomposition of TB under nitrogen atmosphere, from room temperature up to 500 °C, at the heating rates (5, 15, 20 °C/min) are shown in Figure 2 and 3, respectively. It is clear that the TG curves are shifted to higher temperatures as the heating rates increases from 5 to 20 °C/min. The shapes of the curves are quite similar, all curves showed two decomposition steps. There is no mass loss up to 240 °C, as temperature increases the TG curves of TB exhibit a sharp mass loss of about 90% in the temperature range 260-330 °C, which corresponds to the endothermic peak as shown in the DTA curves, Figure 3 , in the temperature range 289-320 °C. This mass loss may be due to the loss of the xanthine group. In the second step, the TG curves show a mass loss of about 10%, in the temperature range 345-400 °C, where an endothermic peak appears in the DTA curves, Figure 3 , in the range 369-403 °C. The first step was chosen as the main object of discussion.
Values of initial temperature (Ti), inflection temperature (Tp) and final temperature (Tf) from thermogravimetric curves for the chosen step at various heating rates are presented in Table 2 .
Non-isothermal kinetic of TB
The non-isothermal decomposition of the first decomposition step of TB was investigated using Kissinger, FR, KAS, FWO and Šatava-Šesták methods. The activation energy values were calculated in the conversion range 0.2 ≤ α ≤ 0.8. This range is strongly recommended because most reactions, especially solid-state ones, are not stable at the beginning and ending periods [19] .
The values of activation energy Ek and pre-exponential factor ln Ak calculated by Kissinger method are 116.953 kJ/mol and 29.595/min, respectively. The linear correlation coefficient (r 2 ) is 0.985. Activation energy calculated by FR, KAS, and FWO methods are tabulated in Table 3 . The relationship between activation energy, E, and conversion (α) are shown in Figure 4 . The kinetic parameters calculated by Šatava-Šesták method are listed in Table 4 . The values of activation energy and pre-exponential factor calculated by the Šatava-Šesták method compare, respectively, with the average of activation energy (E0) calculated using the above mentioned methods (FR, KAS, and FWO methods), and the value of the preexponential factor calculated by the Kissinger method. It is clear from the results that the decomposition reaction of TB for the chosen step (first decomposition step) is consistent with the mechanism of nucleation and growth, Avrami-Erofeev equation, (that is serial-number 10 in Table 1 ), as the values of Es and lnAs meet with the conditions of both │(E0 -Es)/E0│≤ 0.1 and │(lnAs-lnAk)/lnAs │≤ 0.46, respectively. The forms of the integral and differential equations for the mechanism function are g(α) = (-ln(1-α)) 2/3 and f(α) = (3/2)(1-α)(-ln(1-α)) 1/3 , respectively. The activation energy and pre-exponential factor were 121.045 kJ/mol, 5.496×10 13 1/min, respectively.
Thermodynamic parameters
When the values of activation energy, E, and preexponential factor, A, have been obtained, thermodynamic parameters of the reaction can be calculated from the previous Equations (11 -13) . The calculated values of the thermodynamic parameters, enthalpy change (ΔH), entropy change (ΔS) and Gibbs free energy change (ΔG) for the first decomposition step of TB are 116.076 kJ/mol, -45.087 J/mol·K, and 143.019 kJ/mol, respectively.
The entropy of activation, ΔS, value for the decomposition of TB is negative, which indicates a highly ordered activated complex, and the degrees of freedom of rotation as well as of vibration are less than they are in the non-activated complex. The positive value of the enthalpy, ΔH, is in good agreement with endothermic effects in DTA data. The positive values of the enthalpy, ΔH, and Gibbs free energy, ΔG, for the decomposition stage show that it is a non-spontaneous process. These thermodynamic functions are consistent with kinetic parameters and thermal analysis data.
Conclusion
Kinetic analysis of non-isothermal decomposition process of TB under nitrogen atmosphere was performed using Kissinger, Friedman, Flynn-Wall-Ozawa, and KissingerAkahira-Sunose. For the determination of kinetic model function of the considered process, the Šatava-Šesták method was used. It was found that the decomposition kinetic model of TB corresponds to nucleation and growth, following the Avrami-Erofeev equation. The activation energy and preexponential factor were 121.045 kJ/mol, 5.496×10 13 1/min, respectively. Thermodynamic parameters, change of enthalpy (ΔH), change of entropy (ΔS) , and change of Gibbs free energy (ΔG),for the first decomposition step of TB are 116.076 kJ/mol, -45.087 J/mol·K, and 143.019 kJ/mol, respectively.
